Cytoplasmic acidification during inorganic phosphate (Pi) absorption by Catharanthus roseus cells were studied by means of a fluorescent pH indicator, 2',7'-bis-(2-carboxyethyl)-5 carboxyfluorescein (acetomethylester) (BCECF), and 31P-nuclear magnetic resonance spectroscopy. Cytoplasmic acidification measured by decrease in the fluorescence intensity started immediately after Pi application. Within a minute or so, a stable state was attained and no further acidification occurred, whereas Pi absorption was still proceeding. As soon as Pi in the medium was exhausted, cytoplasmic pH started to recover. Coincidentally, the medium pH started to recover toward the original acidic pH. The Pi-induced changes in the cytoplasmic pH were confirmed by 31P-nuclear magnetic resonance study. Maximum acidification of the cytoplasm induced by 1.7 millimolar Pi was 0.2 pH units. Vacuolar pH was also affected by Pi. In some experiments, but not all, pH decreased reversibly by 0.2 to 0.3 pH units during Pi absorption. Results suggest that the cytoplasmic pH is regulated by proton pumps in the plasma membrane and in the tonoplast. In addition, other mechanisms that could consume extra protons in the cytoplasm are suggested.
Transport of Pi across the plasma membrane in plant cells has been extensively investigated. Flux measurements with radioactive Pi showed that the optimum of Pi uptake was around pH 5 (16) . Electrical measurements during Pi uptake showed that the addition of Pi in the medium induced a transient large membrane depolarization (18, 19) . Thus, it is likely that Pi is cotransported with protons using proton motive force generated by H+-ATPase in the plasma membrane.
Recently, Sakano (15) H+/H2PO4-stoichiometric ratio of the cotransport is likely to be 4.
After taking up Pi, the membrane re-and hyperpolarized and the medium acidified. The recovery process is considered to be a result of the activation of the electrogenic H+-ATPase by the cytoplasmic acidification induced by protons, which are cotransported with Pi. Changes in cytoplasmic pH caused by cotransport with protons have been measured with a pH microelectrode by Johannes and Felle (6) . They found that the addition of amino acids or sugars induced transient alkalinization in the cytoplasm. Because the addition of amino acids or sugars showed the transient membrane depolarization and hyperpolarization as well as Pi uptake, the observed alkalinization in the cytoplasm contradicts the assumption of the H+/substrate cotransport.
In the present study, we measured changes in the cytoplasmic pH caused by Pi uptake in relation to the simultaneously induced changes in extracellular pH in suspensioncultured C. roseus cells. Because of the small size of the cells, application of a pH microelectrode to measure the cytoplasmic pH was not practical. Instead, we used a fluorescent pH indicator, BCECF,2 to measure the cytoplasmic pH change during Pi uptake. Although BCECF itself is membrane-impermeable and cannot be applied directly to the cells, the esterified BCECF (BCECF-AM), which is membrane-permeable, can release BCECF in the cell after hydrolysis by cellular esterase (4) . Thus, we could monitor the cytoplasmic pH of the cell continuously during Pi uptake. However, it is not easy to estimate absolute values of the cytoplasmic pH from fluorescence measurement because some of the BCECF distributed into the vacuoles and its fluorescence, although weak, disturbed estimation. To determine the absolute pH value, we applied 3'P-NMR spectroscopy to monitor the cytoplasmic pH during Pi uptake. The time resolution of NMR is poor, but by combining the results obtained by both methods we could unravel in detail the Pi-induced changes in the cytoplasmic pH.
Very recently, Ullrich and Novacky (20) , using a pH mi- ification was induced by Pi uptake. However, the timedependent relationship between Pi uptake and changes in the cytoplasmic pH, as is shown in this paper, was not evident from their measurements. In addition, we also discuss the regulatory mechanism of cytoplasmic pH triggered by addition of Pi into medium.
MATERIALS AND METHODS Plant Materials
Catharanthus roseus cells were cultured in Murashige and Skoog medium supplemented with 4.5 ,umol 2,4-D and 3% sucrose. Every 7 d, 5 mL ofthe cell suspension was transferred to 50 mL of fresh medium and cultured with shaking at 27°C in the dark. Unless otherwise indicated, the cells cultured for 5 to 7 d after transfer to fresh medium were used for the experiments.
Loading of BCECF-AM into the Cells
Cells were collected on a filter paper and washed with a medium composed of 10 mm CaCl2, 10 mm KCl, and 2% glucose (unbuffered medium). They were weighed and suspended at a density of 1 g fresh weight in 10 mL of unbuffered medium. To this suspension, 1O gtL of BCECF-AM in DMSO (1 mM) per 1O mL was added. Cells were incubated for 1 h in the dark at 25°C and washed three times with unbuffered medium.
Measurement of BCECF-AM Uptake BCECF-AM uptake during incubation was measured by monitoring the increase in the BCECF fluorescence. Although BCECF-AM itself fluoresces little when excited at 490 nm, its hydrolyzed form, BCECF, produced by the action of esterases in the cell, fluoresces intensely in a pH-dependent manner. After addition of BCECF-AM to the cell suspension, an aliquot of the suspension was withdrawn at appropriate intervals. The cells were washed and treated with 5% Triton X-100 to extract BCECF from the cell. BCECF in the extract was excited at 490 nm and fluorescence measured at 525 nm with a fluorescence spectrophotometer (Hitachi F-2000) .
Vacuole Isolation
To confirm that BCECF is present in the cytoplasm, its intracellular distribution between the cytoplasm and the vacuoles was measured. Cells were first loaded with BCECF-AM and then incubated for 30 min in medium composed of 0.6 M sorbitol, 10 mm Mes, 1 mM CaCl2, and 1% Cellulase R-10. The pH ofthe medium was adjusted to 6.0 with Tris. Released protoplasts were purified by discontinuous density gradient centrifugation (10) and exposed to a hypotonic medium composed of 0.2 M sorbitol, 10 mM Mes, and 1 mM CaCl2. Vacuoles released by the treatment were purified as in Martinoia et al. (8) .
Measurement of in Situ BCECF Fluorescence
The cells loaded with BCECF-AM were washed and suspended in unbuffered medium supplemented with 20% Ficoll 70 at a cell density of about 0.04 g/mL. Two milliliters of the cell suspension were put into a cuvette (10 x 10 mm) for fluorescence measurement. Ficoll was used to prevent cells from sinking to the bottom ofthe cuvette. During fluorescence measurement, pure oxygen gas was continuously flushed at about 50 mL/min at the surface of the medium so that the medium was kept aerobic and the cells were homogeneously suspended in the cuvette. At the same time, the pH of the medium was monitored with a miniature glass pH electrode (Toko Chemical Laboratory Co., Tokyo, Japan). The cell suspension was excited at 490 nm and the BCECF fluorescence was measured at 525 nm. For the addition of Pi into a cuvette, a 10-mM solution of Na2HPO4 with a pH nearest to the medium pH (at the addition) was chosen from a series of solutions with pH ranging from 3.0 to 7.0 (pH interval 0.5, ref. 15) .
In some experiments, cells were suspended in buffered medium (unbuffered medium plus 30 mM Mes-Tris, pH 4.2).
Phosphate Uptake
In the fluorescence measurements in unbuffered medium, phosphate uptake could be followed by monitoring changes in the medium pH; upon Pi addition, the medium pH continued to increase until the added phosphate was completely absorbed by the cells (15) .
In the Pi uptake measurements, the decrease of Pi content in the medium was measured by the method of Bencini et al.
(1), as described previously (15 Roberts et al. ( 13) .
After the sample tube was set into the magnet, signal accumulation was started and cytoplasmic pH monitored. Approximately 30 to 100 min were required before cytoplasmic pH stabilized at around pH 7.5. Then the sample tube was taken out of the magnet and medium pH was determined with a glass electrode. Unless otherwise stated, 20 ,uL of 0.5 M sodium phosphate solution with proper pH was added and the tube was returned to the magnet. Accumulation of transient signals was started again and spectra were obtained every 8 min of signal accumulation.
RESULTS
Uptake of BCECF-AM by the Cell BCECF-AM is membrane-permeable derivative of BCECF and has no fluorescence when excited at 490 nm. This nonfluorescent derivative must be hydrolyzed by esterase in the cell to BCECF, which then acts as a pH-dependent fluorescent indicator. To confirm that BCECF-AM is permeable to C. roseus membrane, we measured uptake of BCECF-AM by monitoring the increase of fluorescence of BCECF. Fluorescence intensity at 525 nm, which was normalized by protein content, gradually increased until 30 min after addition of BCECF-AM, and leveled off after about 60 min (data not shown).
We have also observed the BCECF-AM-loaded cells under a fluorescence photomicroscope (Zeiss III RS, Germany). The cytoplasm, but not the vacuole, showed clear fluorescence upon blue light excitation (Fig. 1) . Furthermore, we measured intracellular distribution of BCECF between cytoplasm and vacuole from isolated protoplasts. In fact, about 90% of the total BCECF in the cell was found in the cytoplasm after 1 to 2 h of loading (data not shown).
Changes in the Cytoplasmic pH Induced by Pi Uptake (Fluorescence Method)
Cells Suspended in Unbuffered Medium
Pi-induced changes in the fluorescence intensity of intracellular BCECF was measured by a fluorescence spectrophotometer. At the same time, when the cells were suspended in unbuffered medium, we could follow the H+/Pi cotransport by measuring medium pH (15) by a miniature glass pH electrode well. Figure 2 shows Pi-induced changes in the pH of unbuffered medium and in fluorescence intensity of the cells. As soon as Pi was added to the cell suspension (final concentration, 100 ,M), the fluorescence intensity at 525 nm began to decrease (i.e. cytoplasmic acidification initiated). After a few minutes, the fluorescence stabilized for the next 5 min or so, and then started to recover abruptly. On the other hand, medium pH, measured simultaneously with the pH electrode, started to increase (i.e. proton influx initiated) upon Pi addition. This continued until the shift abruptly turned into a decrease. The initial pH recovered soon, as found previously (15) . It is noteworthy that recoveries toward original levels in both medium pH (acidification) and fluorescence intensity (cytoplasmic alkalinization) started at the same time.
When an equimolar amount of NaCl was added instead of sodium phosphate, there was little change either in fluorescence intensity or in external pH.
Cells Suspended in Medium Buffered at pH 4.2
Change in fluorescence intensity upon Pi addition as shown in Figure 2 was quite variable: in 11 out of 22 experiments, the acidification was clear, but in 7 cases it was not, and in 4 cases fluorescence change indicated alkalinization. We found that these were caused by extracellular BCECF either leaking out of the cell or being released from dead cells. On the basis of Pi/H+ cotransport stoichiometry (15) , the Pi-induced change in the cytoplasmic pH is supposed to be opposite to that of external pH. Therefore, the fluorescence intensity change of the cytoplasm during Pi uptake might be masked by the opposite change in fluorescence intensity of extracellular BCECF. This interference was overcome by buffering the medium at an acidic pH at which no extracellular BCECF fluoresces. Figure 3 shows Pi-induced changes in the fluorescence intensity of the cells in the buffered (pH 4.2) medium. The fluorescence responses were almost the same as in the unbuffered medium (Fig. 2) , and the larger the Pi dose, the longer the duration of the change. In addition, in contrast with the unbuffered medium, a decrease in the fluorescence intensity (Pi-induced cytoplasmic acidification) was observed in all experiments. The extent of the decrease in fluorescence intensity varied from experiment to experiment, and occasionally the recovery led to overshooting the original fluorescence value.
Because medium buffering might cause a pH stress to the cells as pointed out previously (15), we examined the effect of medium buffering on Pi uptake. As shown in Figure 4 , Pi uptake in the unbuffered medium was almost completely accomplished within 10 min, but it was markedly inhibited in the medium buffered at pH 4.2.
Experimental Conditions for 31P-NMR Figure 5 , A and B, show typical 31P-NMR spectra of cell suspensions that had been bubbled with oxygen gas for 85 min in unbuffered (A) and for 36 min in buffered (B) media. Both spectra were obtained after a 32-min accumulation of transient signals. In these spectra, various phosphorus compounds in the cell can be easily identified with reasonable resolution.
To follow the Pi uptake process, however, such a long accumulation was impossible because, as shown by the fluo- MAmol, respectively). Note that the duration of fluorescence intensity change was approximately proportional to Pi dose, and medium pH (4.2) was stable throughout the experiment (smooth line). Table I ). To obtain meaningful data for assessing cytoplasmic pH change, we gave priority to the conditions that provided the maximum time-resolution of changes in the NMR spectrum.
After many trials, we decided to accumulate the NMR spectrum with 450 pulses, with a total acquisition time of 8 min and a repetition time of 0.2 s to obtain a reasonable timeresolution. Under these conditions, resonance peak positions of cytoplasmic and vacuolar Pi and G6P could be detected with reasonable accuracy (Figs. 6B and 7B) and, in addition, the Pi-induced change could be followed as a time course with more than three consecutive points showing the change. However, because of the short accumulation time of spectra, the S/N ratio of the spectrum was small, especially in the nucleotide region (compare Fig. 7A-1 with Fig. 6A-1 , where the total acquisition time was 8 and 32 min, respectively).
Furthermore, because of the intrinsically low sensitivity of the NMR method as compared with the fluorescence method, higher cell density (1.2 g cells in 3.0 mL medium) and, hence, higher dose of Pi (more than 5 ,umol/tube) were required to obtain spectra that allowed measurement of time-dependent changes in chemical shift values with practical accuracy.
After all these efforts, the time-resolution of Pi-induced changes in the region of sugar phosphates and cytoplasmic and vacuolar Pi of the spectrum was improved. However, the quality of the spectrum, especially in the nucleotide region, was still low, and Pi-induced changes in nucleotide phosphates such as ATP could not be quantified.
Due Figure 6A -1 (the same spectrum as in Fig. 5A ) and Figure  6B Chemical Shift (ppm) Figure 5 . Addition of Pi (10 ,gmol, pH 4.0) induced shifts of peak positions; both cytoplasmic Pi and G6P peaks moved by about 0.2 pH units toward acidic pH (Fig. 6, B-2 and B-3, spectra accumulated from 4-12 min and from 13-21 min, respectively, after Pi addition). However, the possible change in vacuolar pH (initially about pH 5.2, Fig. 6B-1 ), could not be determined because the extracellular Pi signal overlapped with the vacuolar signal (Fig. 6, B-2 and B-3) . Figure 6B -4 shows the spectrum accumulated from 31 to 39 min after addition of Pi. Because Pi added to the cell suspension is supposed to have been taken up by the cells within 30 min (Table I) tively), as calculated from peak positions of Pi resonance, were rather acidic as compared with those before Pi addition. The recoveries to the original pH ofboth cell compartments were complete in the spectrum accumulated from 49 to 57 min after Pi addition (cytoplasm, 7.58; vacuole, 5.24; Fig. 6B-5 ). In comparison with the 0-time spectrum (Fig. 6B-1) , the peak height of G6P and vacuolar Pi increased throughout the experiment, but that of cytoplasmic Pi increased only transiently during the uptake and recovery periods (Fig. 6, B-2,  B-3, and B-4) . Similar changes have been reported in corn root tips ( 17) .
Cells Suspended in Buffered Medium at pH 6.0 Figure 7 , A and B (the region covering sugar phosphates and cytoplasmic and vacuolar Pi in Fig. 7A is enlarged to show the details), show the 3P-NMR spectra before and after the addition of Pi to the cell suspension in buffered medium. In this medium, the signal from external Pi was clearly distinguished from the signal from vacuolar Pi.
Before the addition of Pi (Fig. 7B-1 , accumulated from 70-78 min after initiation of oxygen bubbling), the cytoplasmic and vacuolar pH were 7.53 and 5.30, respectively. These are almost identical to those found in unbuffered medium (Fig. 6B-1 Fig. 7B-2 , accumulated from 6-14 min after Pi addition). One peak assigned to external Pi was also detected as a pH 5.85 component of Pi. The same dose (5 ,umol) of NaCl affected neither cytoplasmic nor vacuolar pH (data not shown).
As soon as the applied Pi was exhausted from the medium (which was indicated by the disappearance of the pH 5.85 component of Pi in the spectrum approximately 15 min after Pi addition), both cytoplasmic and vacuolar pH values started to recover toward the initial values (cytoplasm, 7.45; vacuole, 5.36; Fig. 7B-3 , accumulation 15-23 min after Pi addition). After about 30 min, recoveries were complete (cytoplasm, 7.55; vacuole, 5.30; Fig. 7B-4 , accumulated from 24-32 min after Pi addition). Cytoplasmic pH values, as calculated from G6P peak position, were similar to those from cytoplasmic Pi (see legend for Fig. 7 ).
In the buffered medium, although the cytoplasmic acidification was observed in most cases upon Pi addition, the vacuolar pH shift was variable: in five cases, a significant pH decrease was observed, but in another eight cases no pH shift took place, and in two cases the shift was an increase in pH.
This might be explained in terms of a lowered potential barrier (pH difference across the plasma membrane, per se) for the proton pump. Buffering the external medium near neutral pH would help the proton pump recirculate the protons entered with Pi to external medium; the lower the barrier (pH difference across the plasma membrane), the faster the pumping and the easier to keep the cytoplasm neutral with possible overregulation to more alkaline pH.
In Table II , Pi-induced cytoplasmic pH changes in buffered and unbuffered media are compared. Before Pi addition, cytoplasmic pH was essentially the same in both media. However, pH decrease during Pi uptake was a little larger in the unbuffered medium (about 0.2 pH units) than in the buffered medium (about 0.14 pH units).
DISCUSSION Earlier Studies
We have measured directly the cytoplasmic acidification induced by the H+ cotransport system in plant cells using two different methods: fluorescent pH indicator and 3'P-NMR. Similar studies by others have shown both negative and positive cytoplasmic acidification during transport (see below).
Using a pH microelectrode, Johannes and Felle (6) showed that in Riccia the addition of amino acids or sugars, which were believed to be cotransported with protons, alkalinized the cytoplasm. They argued that after addition of such substances, H+-ATPase in the plasma membrane was immediately stimulated by a small cytoplasmic acidification induced by proton influx and that what they had measured was the altered cytoplasmic pH after stimulation of H+-ATPase.
Using 3'P-NMR, Tu et al. (17) measured cytoplasmic pH in relation to Pi uptake by maize root tips. They observed no change in the cytoplasmic pH after root tips were allowed to absorb Pi. These authors applied Pi continuously by perfusion and accumulated NMR spectrum with a total acquisition time of 30 min. This time scale seems too long to detect Piinduced acidification in the cytoplasm, because Pi-induced depolarization of Em might have lasted only a very short time (19) . Very recently, Ullrich and Novacky (20) have also shown cytoplasmic acidification induced by the proton cotransport systems with a pH microelectrode.
Fluorescence Method
In the present study, a transient cytoplasmic acidification was clearly indicated during Pi uptake by two independent methods. The first method used the fluorescent dye BCECF, which fluoresces most intensely near the neutral pH region but little at the acidic pH range, making cytoplasmic pH change measurable with little interference by vacuolar pH change. In addition, as shown in the present study, its sensi- tivity was high enough to follow a rapid change induced by externally added Pi at very low cell density. However, as discussed below, determination of the absolute in situ pH was impossible. Therefore, this is not a good method to follow a rapid change.
The fluorescence method applied to the cell suspension clearly indicated cytoplasmic acidification during the uptake of Pi by the cells (Figs. 2 and 3) . The coincidental time course changes in fluorescence intensity and external pH in response to initiation of Pi uptake (Fig. 2) support the notion that the fluorescence change is the counterpart of the external alkalinization, i.e. cytoplasmic acidification expected on the basis of stoichiometry of Pi/4H' in the cotransport (15) . However, because BCECF was distributed to the vacuoles in addition to the cytoplasm, and because BCECF leaked from cells, estimation of absolute Pi-induced cytoplasmic pH is very difficult by this method. Therefore, we used the 3'P-NMR method to estimate absolute pH after Pi addition.
31P-NMR Spectroscopy
Although 31P-NMR spectroscopy provided information on both cytoplasmic and vacuolar pH values at the same time, as well as on the number of intracellular phosphorus compounds, its sensitivity was low. Therefore, we were forced to establish different experimental conditions from those developed for the fluorescence method to show Pi-induced cytoplasmic acidification. The cell density used was 20 times higher and the Pi dose was 2 times higher (on a wet cell weight basis) than in the fluorescence experiments. However, even under these conditions, the rate of Pi uptake was not very different (Table I) .
Cytoplasmic pH and vacuolar pH before addition of Pi were about 7.5 and 5.3, respectively (calculated from the peak positions assigned for G6P and for cytoplasmic and vacuolar Pi). Upon addition of Pi, a definite shift of cytoplasmic pH to the acidic range by about 0.2 pH units was observed both in unbuffered (Fig. 6) and buffered (Fig. 7) media. Under both conditions, a clear transient cytoplasmic acidification was observed, but the original pH was soon restored. At the same time, vacuolar pH also shifted toward acidic pH by about 0.3 pH units ( Fig. 7B-2) , although the exact shift could not be determined in the unbuffered medium (Fig. 6, B-2 and   B-3) .
Under the present conditions of the NMR measurement (fast acquisition mode), the absolute amount of the cytoplasmic and vacuolar Pi could not be determined because the pulse interval of0.2 s was too short for the complete relaxation of Pi resonances, as discussed by Pfeffer et al. (1 1) . However, a rough estimation of relative abundances gave interesting information on Pi uptake and metabolism. Comparing Figure  6B -1 with 6B-5 (and also Fig. 7B-1 with 7B-4) , the intensity of vacuolar Pi resonance increased significantly after Pi uptake, but that of the cytoplasmic Pi resonance did not. This supports the notions that the cytoplasmic Pi concentration is regulated at a constant level and that the absorbed Pi from the external medium is accumulated in the vacuole, as suggested by Mimura et al. (10) . The decrease in the intensity of the cytoplasmic Pi signal after completion of Pi uptake (Figs. 6B-3 versus 6B-4, 7B-3 versus 7B-4) further indicates that Pi is transported via the cytoplasm into the vacuole.
Possible Disturbing Factors
In both methods, the signals of the cytoplasmic pH are affected by other factors. For example, ionic strength and nonspecific binding of fluorescence probe in the cell are known to influence the fluorescence intensity. Peak positions of resonance of various phosphorus compounds are also known to be affected by ionic species and their strengths (13) .
Furthermore, as is well established by 3`P-NMR spectroscopy, cytoplasmic acidification can be induced by several stimuli: for example, anoxia (14) , salt stress (7), and acid stress (5, 12) . Indeed, anoxia, elicited by bubbling the cell suspension with N2 instead of 02, caused cytoplasmic acidification by about 0.2 to 0.4 pH units in cell suspensions similar to those used in the present study (Y. Yazaki, K. Sakano, unpublished data).
Under the present experimental conditions, there seem to be no factors that might have caused a "salt stress." For example, the final concentration of Na+ and H2PO4-added as "substrates" in the experiment for Figure 2 were only 0.2 and 0.1 mm, respectively. At concentrations below 10 mM so far examined, Na+ (applied as NaCI) affected external pH very little, if at all.
Furthermore, the medium pH of the cell suspension in unbuffered medium dropped below 4 by the time Pi was added. Such a decrease in medium pH, caused by the cells themselves, is common in plant cells during culture and was also shown previously (15) . Nevertheless, the NMR spectrum of these cells (Fig. 5A) indicates that the cytoplasmic pH was around 7.5, and the profile of the spectrum for the regions of sugar phosphates and nucleotide phosphates including ATP was normal and quite similar to those reported for other plant materials (9, 11, 17) as well as to that of the cells in buffered medium (Fig. SB) .
The situation is the same for the experiment in Figure 2 in which the medium was not buffered; upon Pi addition, medium alkalinized (due to Pi/H+ cotransport, ref. 15) , whereas cytoplasm acidified. This clearly indicates that the observed Pi-induced cytoplasmic acidification is not due to an "acid stress" because medium alkalinization should not cause cytoplasmic acidification.
In the present study, we used both unbuffered and buffered media to suspend the cells. It is noteworthy that Pi uptake was markedly inhibited in the buffered medium (Fig. 4) . Many researchers have used buffered media to study Pi transport and have found a rather sharp pH optimum for Pi uptake in the acidic region. In contrast, Sakano (15) showed that the rate of Pi transport was almost constant over a wide range of pH values (from pH 3.5-5.8) using unbuffered medium. This difference may be explained by an "acid stress" caused by the use of buffer.
Pi Transport Mechanism
As discussed above, the two different methods independently supported the cytoplasmic acidification on Pi transport. Thus, we may conclude that the Pi/H+ cotransport mecha-nism acidifies the cytoplasm during its operation and that this, in turn, provokes stimulation of pH regulation mechanisms of the cytoplasm.
One of the mechanisms may be the proton pump (H+-ATPase), as discussed previously (15) . In Figure 2 , medium pH immediately began to recover toward the original value as soon as external Pi was exhausted (15) . At the same time, the cytoplasmic pH also started to return to the initial value along a similar time course. The coincidence of both curves and their opposite direction of pH changes indicates that the proton pump in the plasma membrane was working in the process and is important in the pH regulation of the cytoplasm.
In addition, the transient acidification of vacuole during Pi uptake (Fig. 6, B-2 and B-3) suggests that the proton pump(s) in the tonoplast was stimulated to accommodate extra protons from acidified cytoplasm, working as a second possible pH regulatory mechanism for the cytoplasm.
Our results (Fig. 2) further indicate that the cytoplasmic acidification stopped within a few minutes after Pi addition, even though proton influx was continuing (external pH was still increasing). This indicates that a pH regulation mechanism other than the proton pumps was functioning in the cytoplasm. Thus, the third mechanism of cytoplasmic pH regulation may be one that can consume extra protons through biochemical reactions in the cytoplasm. As a fine control mechanism of the cytoplasmic pH, "biochemical pH stat" has been proposed by Davies (2, 3) . Verification of the importance of this mechanism in Pi/H+ cotransport is under investigation.
